The Ellenburger-San Saba aquifer discharges spring flows into the overlying Hamilton Creek bed in Burnet County, central Texas. The aquifer is susceptible to contamination from surface-water reservoirs because of the presence of dissolution cavities that are hydraulically connected to the reservoirs in some locations. There is concern that preferential groundwater seepage from reservoirs into the aquifer in these locations might ultimately degrade the quality of the springwater that enters Hamilton Creek. To investigate preferential groundwater seepage patterns and hydraulic connectivity between surface-water reservoirs and the Ellenburger-San Saba aquifer, geophysical reconnaissance surveys were completed between July 2017 and January 2018 to map dissolution cavities and locate preferential groundwater seepage within a specific region of the aquifer. Two-dimensional electric resistivity tomography and self-potential profiling were utilized, and a simplified, three-dimensional finite-element model of the field site was constructed to provide an interpretive aid. The self-potential data indicated the occurrence of preferential groundwater seepage through a porous seepage conduit that was imaged by the electric resistivity tomography data but did not indicate the occurrence of groundwater seepage through two fluid-filled dissolution cavities that were imaged by electric resistivity tomography data. Collectively, the surveying and modelling results demonstrate the efficacy of geoelectric methods for mapping the locations of dissolution cavities and preferential groundwater seepage in the electrically resistive karst terrane of the Ellenburger-San Saba aquifer.
patterns may therefore be oriented either predominantly horizontal or predominantly vertical, with a substantial component of groundwater flow occurring through the intergranular, primary porosity of unconsolidated sediments and residual host rocks of the epikarst (Klimchouk 2004) . Beneath the epikarst, groundwater is conveyed through the karstified bedrock predominantly through the secondary porosity created by irregular interconnected fractures, conduits and dissolution cavities. These features channel groundwater preferentially through macro-pores as opposed to micro-pores and are recharged by discrete sinkholes or shafts that may or may not be hydraulically connected to perched aquifers in the epikarst zone.
Electric resistivity tomography (ERT) and self-potential (SP) profiling are low-frequency electrical geophysical methods ) that have a demonstrated ability to map preferential groundwater seepage patterns in epikarst and karstified zones of near-surface aquifers (Lange and Barner 1995; Wanfang, Beck and Stephenson 1999; Ikard et al. 2015; Revil, Ahmed and Jardani 2018) . For example, Wanfang et al. (1998) showed that SP data measured over a recharge point in a karst aquifer had a characteristic negative polarity, which they attributed to groundwater seepage into the secondary porosity. Šumanovac and Weisser (2001) used a combination of seismic reflection and ERT to map the fracture zone in a karst aquifer and noted low-resistivity ERT anomalies that corresponded to the locations of fluid-filled fractures interpreted from their seismic data. Robert et al. (2011) used ERT and SP profiling to site water wells in a karst aquifer and observed large yields from wells sited within low-resistivity ERT anomalies that were spatially coincident with a negatively polarized SP anomaly. They observed the opposite from wells that were sited in resistive zones with no corresponding SP anomaly, which were characterized by limited yield.
The utility of the ERT and SP methods in karst terranes is attributable to the relationship between the electric conductivity, σ (S m −1 ), and electric potential, ϕ (mV), on the left-hand side of the governing electrostatic equation (equation (1)), and the hydraulic gradient, h (m m −1 ), corresponding to spatial gradients in hydraulic head, h (m), on the right-hand side. Both σ and ϕ can be measured in the field by the ERT and SP methods, respectively, whereas h can be either measured directly or interpreted from the SP data through forward and inverse numerical modelling using equation (1). In general, the subsurface distribution of resistivity, ρ ( ·m), is measured by the ERT method and interpreted in the context of the shallow hydrogeology, and conductivity is calculated as the reciprocal of resistivity, given by σ = ρ −1 , and utilized in the interpretation of collocated SP data. We therefore use these terms in an exchangeable fashion herein and refer to electric resistivity in the context of the ERT methodology, and to electric conductivity in the context of the SP methodology.
Equation (1) relates the gradient of the electric potential field at the surface of Earth to the subsurface hydraulic gradient. These potential fields are influenced, respectively, by heterogeneous distributions of electric conductivity and saturated hydraulic conductivity, K s (m s −1 ), within the Earth.
The saturated hydraulic conductivity is related to permeability as given in Ikard and Kress (2016) , whereas the electric resistivity and conductivity are related to saturation and porosity as shown by Archie (1942) . The seepage velocity, u (m s −1 ), is inherent in the right-hand term of equation (1) and given by u = -K S h (m s −1 ). The product of seepage velocity and volumetric charge density, Q v (C m −3 ), quantifies the streaming-current sources of the SP anomalies (Revil and Leroy 2004; Boléve et al. 2007) , which are expressed mathematically by j s = Q v u, where j s (A m −2 ) is a source current density attributed exclusively to streaming-currents when alternative current sources and thermoelectric, diffusion and electro-redox potentials are either absent or negligible. At the microscopic scale, the divergence operators in equation (1), denoted by , relate streaming-current sources (where a source is associated with positive divergence from an infinitesimal control volume) to groundwater sinks (where a sink is associated with negative divergence (i.e. convergence) into the control volume), and vice versa (Sheffer and Oldenburg 2007) . At the macroscopic scale, this physical relationship originating at the microscopic scale enables locations of preferential groundwater seepage to be identified, because the divergence of streaming-current density is altered in these locations relative to the surroundings. The divergence of streaming-current density produces localized SP anomalies at the surface that are positioned above the locations of preferential groundwater seepage occurring at depth (Ikard et al. 2012; Ikard and Revil 2014) . The ERT and SP methods consequently have a wide range of application for delineating shallow preferential groundwater seepage patterns in a variety of field settings. In this work, these methods were utilized in electrically resistive karst terrane to identify and distinguish preferential groundwater seepage through permeable, porous conduits from static, predominantly fluid-filled dissolution cavities. Following this introduction, the field site and geophysical surveying methods are described prior to a discussion of the results and interpretation of the data, and corresponding conclusions.
D E S C R I P T I O N O F T H E F I E L D S I T E
The field site is in Burnet County, central Texas (Fig. 1) . It encompasses 650 m of a narrow berm positioned between Hamilton Creek and an adjacent surface-water reservoir (herein referred to as South Reservoir, Fig. 1c ). The berm is natural, although its topographic relief on the western slope was augmented by the excavation of the reservoir bed and is much steeper than the topography of the eastern slope. The reservoir is a surface-water expression of the groundwater system contained within the fractures, cavities and conduits in the carbonate rocks (carbonates) that constitute the reservoir bed.
The carbonates at the field site are marine limestone and dolomite deposits of the Ordovician-aged Gorman and Tanyard Formations of the Ellenburger Group, which conformably overlie the Cambrian-to-Ordovician aged San Saba Member of the Wilberns Formation (Smith 2004) . The San Saba Member is hydraulically connected to the overlying Ellenburger Group (Preston et al. 1996) . Collectively these units compose the Ellenburger-San Saba aquifer in the study area. They are electrically resistive, white-to-grey (Tanyard and Gorman Formations) and yellowish-to-brownish grey (San Saba Member) dense limestones and dolomites that contain groundwater under confined conditions in fractures and dissolution cavities (Smith 2004) , and are characterized by localized karst features at the field site and throughout their occurrences in Burnet County.
Hamilton Creek lies east of the berm and South Reservoir. It is mostly a perennial stream (intermittent in its upper reaches) and flows southward for 35.4 km over outcrops of the Ellenburger-San Saba aquifer before discharging into the Colorado River.
M E T H O D S
Electric resistivity tomography (ERT) and self-potential (SP) reconnaissance surveys were completed at the field site along the profiles shown in Fig. 1(c) . The profiles were bounded by coordinates (30.716319°N, -98.229917°W) at the northeastern (NE) end, and coordinates (30.712362°N, -98.232302°W ) at the southwestern (SW) end and are the combined result of two reconnaissance surveys. The first reconnaissance survey was completed on July 9, 2017. In this survey, the locations of two fluid-filled dissolution cavities were identified by the ERT data, and a suspect location of preferential groundwater seepage was identified from the SP data. The second, follow-up reconnaissance survey, completed on January 9, 2018, confirmed the presence of the suspected seepage conduit and enabled a more confident interpretation of this feature.
The parameters and procedures of the ERT and SP surveys were consistent between the two reconnaissance surveys. Each ERT profile incorporated 96 stainless steel electrodes separated by 5-m intervals, which overlapped collocated SP measurement locations along congruent SP profiles. A total of 7,740 measurements of electric resistance were produced with an IRIS Syscal Pro resistivity meter (Iris Instruments, Orléans, France) by sequencing combinations of four-electrode arrays of various lengths (two current electrodes and two potential electrodes per array) in an inverse Schlumberger configuration (Loke 2000; Zonge, Wynn and Urquhart 2005) . The resistance measurements were subsequently inverted in the Res2dinvx64 v. 4.07.03 software (Geotomo Software, Kardinya, Australia) by employing a smoothness-constrained L 2 Euclidean norm to image the approximate true subsurface distribution of electric resistivity beneath the ERT electrodes. SP data were measured at each ERT electrode along each of the survey profiles using a high-resolution (1 μV) Agilent U1252 data-logging multi-meter (Agilent Technologies, Santa Clara, CA) and two non-polarizing Cu-CuSO 4 electrodes. A simplified, three-dimensional finite-element model of the field site was constructed using COMSOL Multiphysics version 5.3 (COMSOL, Inc., Burlington, MA) to provide an interpretive aid. The full geophysical dataset, accompanying COMSOL model files, and Res2dinv model files are available online as a U.S. Geological Survey data release (Ikard et al. 2018a ).
July 2017 reconnaissance
The first reconnaissance survey (Fig. 2) consisted of one 475-m electric resistivity tomography (ERT) profile (eastern red profile, Fig. 1c) , and two 475-m self-potential (SP) profiles (red profiles, Fig. 1c ). The ERT profile was positioned along the eastern edge of the berm and was congruent with SP Profile 2 (Fig. 2a) . The resistivity of the subsurface materials (Fig. 2b ) was observed to vary widely over a logarithmic scale, between a minimum of 10 1 ·m and a maximum that exceeded 10 5 ·m in some locations. One SP profile was measured along the western edge of the berm (referred to herein as Profile 1, black curve, Fig. 2a) , and one was measured along the eastern edge (referred to herein as Profile 2, grey curve, Fig. 2a) . One of the two SP electrodes was buried at the northeastern end of the profiles for use as a reference electrode (red triangle, Fig. 1c ). The buried reference electrode was undisturbed for approximately 4 hours and then the second electrode was traversed along the profile to record measurements of the DC voltage difference at each position of the mobile electrode relative to the reference electrode (Fig. 2a) . The mobile electrode was traversed in NE-SW direction along Profile 1 (black curve, Fig. 2a) , and then back towards the reference electrode in a SW-NE direction along Profile 2 (grey curve, Fig. 2a) . A total of 187 SP measurements were made along the profiles and ranged from a minimum of -6.10 mV to a maximum of 16.3 mV, with a mean of 2.57 mV. The standard deviation of the SP measurements was 2.99 mV. Electric contact resistance (hereinafter referred to as contact resistance) was also recorded to provide a quality-control indicator for the SP data. A total of 91 contact-resistance measurements were made, and these measurements ranged from 10.4 to 23.2 k ; the mean contact resistance was 13.8 k . The standard deviation of the contact-resistance measurements was 2.51 k .
January 2018 reconnaissance
In this reconnaissance survey (Fig. 3) , self-potential (SP) profile 2 (grey curve, Fig. 2a (Fig. 2b) identified during the first reconnaissance survey was the target of further investigation. This location was targeted for additional data collection because of its conspicuous SP anomaly (Fig. 2a) and the ambiguous, yet seemingly related structure in the corresponding ERT data measured in July 2017 (Fig. 2b) . Like the July 2017 survey, one 475-m long electric resistivity tomography (ERT) profile was oriented along the berm and the resistivity of the subsurface materials was again observed to vary widely over a logarithmic scale between a minimum that was less than 10 1 ·m and a maximum that exceeded 10 5 ·m in some locations (Fig. 3b) .
The SP survey of July 2017 was essentially repeated in January 2018. The reference electrode (green triangle, Fig. 1 ) was again positioned at the NE end of the profile and allowed to stabilize for several hours before one 300-m long SP profile was measured along the berm. The mobile SP electrode was traversed in 5-m increments along the profile from NE to SW and measurements of the root mean squared (RMS) voltages (Fig. 3a) were recorded at each position of the mobile electrode, relative to the buried reference electrode. A total of 60 SP and 60 contact resistances were measured. RMS voltages measured in January 2018 were amplified relative to the DC voltages measured in July 2017 and varied between a minimum of 16.2 mV and a maximum of 371 mV around the mean of 177 mV. The standard deviation of the SP data in January 2018 was 87 mV RMS. Compared to the July 2017 measurements, the January 2018 contact resistance measurements were slightly larger and varied from a minimum of 30.5 k to a maximum of 94.1 k , with a mean of 61.0 k . The standard deviation of the contact resistance data in January 2018 was 22 k . 
R E S U L T S A N D D I S C U S S I O N
The electric resistivity tomography (ERT) data were interpreted in the context of the local hydrogeology at the field site. In both resistivity tomograms (Figs 2b and 3b) , the most electrically resistive regions of the subsurface are shown in shades of orange and red by resistivity values that are greater than 10 3 ·m. In many locations, the resistivity of these regions of the subsurface exceeds 10 4 ·m, and in some locations, it appears to exceed 10 5 ·m. These most resistive regions of the subsurface are interpreted as the electrically resistive carbonates of the Gorman and Tanyard Formations and the San Saba Member, which outcrop and are present in the shallow subsurface at the field site.
The green shades shown in Figs 2(b) and 3(b), with corresponding resistivity values in the range of 10 2 -10 3 ·m, are substantially less electrically resistive than the Gorman and Tanyard Formations and San Saba Member. These regions of the subsurface are interpreted differently dependent upon their depth. Green shade at depths greater than 15 m is considered a result of the mathematical underpinnings of tomography, which produces a smooth gradient at the interface between electrically resistive carbonates and electrically conductive groundwater in dissolution cavities.
Tomography produces a smooth gradient even in situations where a smooth gradient is not necessarily present (Sheehan, Doll, and Mandell 2005) . At the field site, the fluid-filled (and possibly sediment-filled) dissolution cavities are anticipated to show a stark contrast in resistivity with the carbonates, instead of the smooth gradients observed at depth greater than 15 m in Figs 2(b) and 3(b) . On the other hand, green shades in the tomograms at shallow depths less than 15 m are interpreted as residual porous epikarstic materials overlying the electrically resistive carbonates from which they were derived. These porous materials appear to have a uniform thickness immediately beneath the berm and are likely characterized by a heterogeneous moisture distribution that affects their resistivity. This is a reasonable explanation for the low-resistivity anomaly observed at location A (Figs 2b, 3b ) with corresponding large self-potential (SP) anomaly of approximately +16 -20 mV DC (Fig. 2a) and +290 mV root mean squared (Fig. 3a) , as well as for the low-resistivity anomaly observed at location C (Figs 2b, 3b) , which was not apparently correlated in a spatial sense to any substantial SP anomaly.
Dissolution cavities are observed in Fig. 2b at locations annotated B and D, at approximate (x, z) coordinates of (185 m, -50 m) and (335 m, -40 m), respectively. The dissolution cavity at location B is also observed in Fig. 3b at approximate (x, z) coordinates of (300 m, -50 m). These features are characterized by blue shades representing electric resistivity values less than 10 2 ·m. They appear as low-resistivity features relative to the resistive carbonates. The two to three orderof-magnitude differences in resistivity and lack of any clearly correlated SP anomaly indicates either the dissolution cavities are filled predominantly with static groundwater that is not flowing, or preferential groundwater seepage is occurring to some unknown degree through the cavities and the subsurface environment is so electrically resistive that the source currents cannot manifest an SP signal at the surface. If the dissolution cavities are filled with static groundwater, these cavities might be either hydraulically connected to the static surface-water reservoir and disconnected from the creek or disconnected entirely from both the reservoir and the creek. If the latter is true, the use of SP for detecting seepage within the cavities may be of limited value, and perhaps time-lapse ERT (Briggs et al. 2014 ) is more suitable for estimating seepage conditions in the dissolution cavities.
At the field site, the SP and ERT profiles were oriented along a berm that resembled (in a structural sense) the crest of an earthen embankment. The SP data were therefore qualitatively interpreted by constructing a simplified finite-element numerical model of a hypothetical embankment (Fig. 4a) that, like the field site, impounded a reservoir to the west from a surface-water channel to the east. The synthetic embankment geometry (Fig. 4a , not shown to scale) was 80 m long, 120 m wide and 40 m tall, and positioned on top of an impermeable foundation of electrically resistive limestone bedrock with resistivity equal to 10 5 ·m; three orders-of-magnitude greater than the resistivity of the embankment materials equal to 10 2.5 ·m. A 60 m × 20 m × 20 m rectangular, high-permeability (relative to surrounding materials) seepage conduit with resistivity equal to 10 2 ·m was positioned inside the embankment perpendicular to the strike of the crest. The COMSOL Multiphysics version 5.3 model simulated the steady-state seepage velocity field corresponding to a prescribed distribution of porosity, permeability and soil-water retention parameters (Table 1) and hydraulic boundary conditions. An electrostatic simulation was coupled to the seepage velocity field in the manner recited by Ikard et al. (2018b) , and equation (1) was used to calculate the SP field (Fig. 4b ) from a prescribed distribution of electric resistivity determined from the ERT data (Table 1) , and geoelectric boundary conditions. Two modelling scenarios were investigated and related to the conditions at the field site. The first scenario (referred to as scenario 1) tested the hypothesis that the SP anomalies observed at the field site represented groundwater seepage through intergranular porosity as opposed to cavernous porosity, by assuming representative porosity and permeability values of 0.41 (dimensionless) and 10 −4 m 2 , respectively (Manger 1963) , for the conduit. For comparison, the permeabilities of the dam and bedrock were assumed equal to 10 −15 m 2 and 10 −23 m 2 , respectively, whereas their porosities were assumed equal to 0.10, and 0.005, respectively (Klimchouk 2004) . The second modelling scenario (referred to as scenario 2) tested the hypothesis that the SP anomalies observed at the field site represented groundwater seepage through secondary porosity such as a dissolution cavity, by assuming a porosity value of 1 and permeability equal to 400 m 2 (the cross-sectional area of the conduit), respectively, and maintaining constant values for the remaining materials. Varying these hydraulic properties of the model imparted corresponding changes into the simulated SP field through the volumetric charge density , the electrical formation factor (Archie 1942) , and the streaming-potential coupling coefficient (Glover and Déry 2010; Cerepi et al. 2017) .
The modeling results are shown in Fig. 4 . Figure 4 (b), corresponding to scenario 1, shows the simulated SP field and three-dimensional appearance of the SP anomaly at the surface of the model attributable to preferential seepage through Klimchouk (2004) . Values for the conduit were assumed quantities taken from Manger (1963) . ‡From field measurements made by Ikard et al. (2018a) .
the conduit shown in Fig. 4(a) . The direction of steady-state groundwater seepage is shown by the black Darcy velocity vectors. The coloured surface represents the effective fluid saturation simulated in the embankment materials, and the coloured contours represent the surface expression of the calculated SP field. Profiles of simulated SP data were extracted from the surface of the model to analyse the two-dimensional appearances of the SP anomaly, and their appearances corresponding to different conduit depth, porosity and permeability. The fullspectrum of scenario 1 SP profiles (see locations in Fig. 4a ) is shown in Fig. 4(c) by the black curves. Three profiles are specifically highlighted to illustrate features of the SP anomalies attributable to the two modelling scenarios. The solid highlighted curves represent modelling scenario 1 and the dotted highlighted curves represent scenario 2. We note the similarity in appearance between the observed SP data in Figs 2(a) and 3(a), with the synthetic Profiles 1 (solid red curve) and 2 (solid blue curve) in Fig. 4(c) . In scenario 1, a conspicuous and negative SP anomaly was simulated along Profile 2 above the preferential seepage conduit, and the distance (i.e. depth) between a measurement point at the surface and the current source (i.e. preferential seepage) in the subsurface clearly affected the amplitude and appearance of the modelled SP profiles in both modelling scenarios. The anomaly was only expressed as positive SP values along profiles downstream of the conduit, and the porosity and permeability variation appeared to affect the polarity of the anomaly over the conduit more than the conduit depth did. Increasing the depth of the conduit attenuated the amplitude of the SP anomaly. Reducing the depth resulted in well-defined SP anomalies along the profiles that were centred above the conduit and more symmetrical than those associated with a deeper conduit. For example, SP data from Profile 1 (deep conduit), showed an SP anomaly of approximately-5 mV for scenario 1 and -1 mV for scenario 2, and the shape of the anomaly was not symmetric over the seepage conduit in either scenario. The anomaly along Profile 2 was approximately -10 mV in scenario 1 and increased to 0 mV in scenario 2 and the shape of the anomaly was more symmetric in both scenarios. In comparison, Profile 3 (green curve) downstream of the conduit produced a pronounced positive SP anomaly approximately equal to +30 mV in scenario 1 and greater than +35 mV in scenario 2, and the anomaly along Profile 3 did not clearly identify the location of the conduit in either modelling scenario.
C O N C L U S I O N S
This work has shown that combining two-dimensional electric resistivity tomography (ERT) with self-potential (SP) profiling can yield meaningful information regarding the occurrence of preferential groundwater seepage in dissolution cavities and porous seepage conduits in karst aquifers. Through finiteelement numerical modelling, the observed SP anomaly at location A was interpreted as a direct indicator of preferential groundwater seepage through a high-permeability, porous seepage conduit located at a depth of approximately 25 m ± 2.5 m in the ERT data. However, the distinction between seepage through porous sediments versus seepage through a dissolution cavity is inconclusive from the SP data and numerical modelling, because a well-defined SP anomaly was produced in both modelling scenarios when the conduit was shallow, and the polarity of either did not differ substantially from field measurements. A well-defined SP anomaly was not observed in either modelling scenario when the depth to the conduit was large. The simulated SP data showed consistently more positive amplitudes over the conduit when the porosity and permeability of the conduit were large, indicating that seepage through dissolution cavities may yield more positive SP amplitudes than seepage through porous sediments. Of interest to future investigations with these geoelectric methods are the observations that a shallow, seemingly insignificant karst feature in the ERT data was spatially correlated with a large, conspicuous SP anomaly, whereas deeper, seemingly large dissolution cavities observed in the ERT data had little or no apparent corresponding SP anomalies at the surface. Thus, there is no evidence indicating that groundwater seepage is definitively occurring through fluid-filled dissolution cavities observed in the ERT data. Instead the ERT data were more indicative of a sedimentfilled seepage conduit rather than a cavernous conduit, based solely on the observed resistivity of the conduit identified by the ERT and SP data. Groundwater therefore appears to be seeping through saturated porous epikarst positioned on top of the carbonates, or through saturated porous sediments that are packed into a dissolution cavity at the location of the identified porous seepage conduit. Regardless, these observations speak to the applicability and potential limitations of these methods in discerning shallow groundwater seepage patterns in similar karst environments where large contrasts in electrical properties between pore fluids and host rocks may occur.
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